ATP-binding cassette transporters from several rhizobia and Salmonella enterica serovar Typhimurium, but not secondarily coupled systems, were inhibited by high concentrations (100 to 500 mM) of various osmolytes, an effect reversed by the removal of the osmolyte. ABC systems were also inactivated in isolated pea bacteroids, probably due to the obligatory use of high-osmolarity isolation media. Measurement of nutrient cycling in isolated pea bacteroids is impeded by this effect.
Amino acid uptake by Rhizobium leguminosarum is dominated by two ABC transporters, the general amino acid permease (Aap) and the branched-chain amino acid permease (Bra) (9, 21) . These systems are essential for productive nitrogen fixation in pea nodules and have been proposed to participate in an amino acid cycle between the bacteroid and the plant (14) . This was demonstrated by isolating double mutants with mutations in the aap/bra genes which resulted in yellow plants with dry weights similar to those of uninoculated controls grown on nitrogen-free medium. While investigating the effect of the osmotic strength of the medium on rates of transport, we noted a rapid inhibition of uptake by ABC (including Aap/Bra) but not other, non-ABC transporters, which has important implications for experiments on legume nodule physiology. Furthermore, the effect appears to be general for rhizobia and other gram-negative bacteria.
Uptake by ABC transporters. Rhizobium leguminosarum bv. viciae strains 3841 (12) and A34 (6) , Sinorhizobium meliloti 1021 (16) , and Mesorhizobium loti 303099 (13) were grown overnight in acid minimal salts (AMS) (17) with glucose (10 mM) and NH 4 (10 mM), washed in minimal salts, and prepared for transport assays by the rapid filtration method as previously described (18) . The only change was that for S. meliloti the concentration of EDTA in AMS was lowered from 40 ⌴ to 1 ⌴. Salmonella enterica serovar Typhimurium strain NCIMB 10249 was grown overnight on LB with IPTG (isopropyl-␤-D-thiogalactopyranoside; 40 g/ml) and tetracycline (10 g/ml), and the next morning the culture was diluted 100ϫ in fresh LB medium with IPTG (40 g/ml) and tetracycline (10 g/ml) and grown to an optical density at 600 nm of 0.4 to 0.6 before being harvested as described for rhizobial strains.
Ten seconds before 14 C-labeled compounds (0.125 Ci at 25 M) were introduced to cells of R. leguminosarum 3841, sucrose was added up to a final concentration of 500 mM (Fig. 1A) . 2-Aminoisobutyric acid (AIB) was initially chosen as the solute to be transported as it is not metabolized by Rhizobium leguminosarum 3841. Previous work has shown that only Aap and Bra transport AIB at significant rates under these assay conditions (9, 21) .
AIB uptake was decreased by 88% on the addition of 200 mM sucrose 10 seconds before the start of the assay. NaCl and mannitol were added in 100 mM increments 10 seconds before the assay instead of sucrose; mannitol caused an 86% decrease at 200 mM, while NaCl showed a complete inhibition at the same concentration (Fig. 1A) . As 200 mM appeared to be the minimum concentration required for an inhibition of 80% or more, other osmolytes (potassium chloride, glycerol, glucose, and polyethylene glycol 200) were tested in the same manner (Fig. 1B) . All of the compounds tested caused a decrease of at least 70% in AIB uptake when added at 200 mM 10 seconds before assays began. Prolonged incubation or overnight growth in the presence of sucrose (100 mM) resulted in even greater inhibition than when an agent was added 10 seconds before the start of an assay (data not shown).
As a wide range of compounds of different sizes and charges were tested, it is unlikely that this effect is solute specific. It is also unlikely that so many different compounds would cause direct transport inhibition either by blocking the membrane components of the permeases or by binding to solute binding proteins (SBPs). As mentioned above, AIB is known to be transported into R. leguminosarum by only Aap and Bra, and therefore other solutes that utilize these two systems were tested. Glutamate is transported via Aap and Bra, while ␥-amino-n-butyric acid is transported into cells only via Bra (9) . These compounds show a pattern of inhibition by high osmolarity similar to that observed for AIB (Fig. 2) .
The investigation was extended to include other ABC and non-ABC systems to determine the range of the effect. Alanine is transported at high affinity into strain 3841 via Aap and Bra and by a low-affinity secondary transporter, the monocarboxylate transport permease (MctP) (11) . Strain RU1180 is mutated in MctP, so this was used for measurement of alanine uptake via Aap/Bra. myo-Inositol and ␦-aminolevulinic acid are transported into 3841 by ABC systems: Int (8) and Dpp (5) , respectively. Overnight cultures of either 3841 or RU1180 were grown in AMS (10 mM glucose, 10 mM NH 4 ), except for the myo-inositol uptake assay, where cultures were grown in AMS (10 mM myo-inositol, 10 mM NH 4 ). The data for highaffinity alanine, myo-inositol, and ␦-aminolevulinic acid uptake also show that the addition of 200 mM sucrose 10 seconds before assays significantly reduced uptake (Fig. 2) . However, while reduced (37%), the effect on alanine uptake via Aap/Bra was not as great as that for other solutes. Differences in uptake rates between solutes may be due to the number of systems capable of transporting a particular solute and/or the specific binding affinities between each SBP and each membrane transport complex.
Secondary transporters are not inhibited by osmotic upshift. Strain RU1722, which is mutated in both aap and bra, was used to measure uptake of alanine via the secondarily coupled MctP. As MctP has a K m for alanine of 560 nM (11), the alanine concentration in transport assays was increased from 25 M to 500 M. Unlike ABC transport system-mediated uptake, no significant loss of alanine uptake via MctP occurred after osmotic upshift (Fig. 2) . To test whether this is a general property of secondary transporters, uptake via the dicarboxylate transport (DCT) system was also investigated in cultures grown overnight in AMS (10 mM succinate, 10 mM NH 4 ) (Fig. 2) . No significant loss of uptake of succinate occurred in cells subjected to osmotic upshift.
The inhibition of ABC transporters occurs in a wide range of gram-negative bacteria. AIB uptake was also inhibited in R. leguminosarum A34 on addition of 200 mM sucrose 10 seconds before assays (Fig. 2) , demonstrating that this effect is not specific to strain 3841. Furthermore, AIB uptake by S. meliloti 1021 and M. loti 303099 was also inhibited by the addition of sucrose (Fig. 2) . To determine whether this effect is restricted to rhizobia or is a general effect for gram-negative bacteria, transport of AIB and histidine was measured in Salmonella enterica serovar Typhimurium NCIMB 10249. AIB is not transported by Salmonella serovar Typhimurium NCIMB 10249, so the R. leguminosarum 3841 aapJQMP genes were expressed from a lacZ promoter in plasmid pRU310 (10) . Just as for strain 3841, AIB uptake via Aap in S. enterica serovar Typhimurium was severely inhibited by sucrose (Fig. 2) . To ensure that the inhibition is not specific to rhizobial ABC systems, the native S. enterica serovar Typhimurium histidine transport operon (hisJQMP) was expressed from a lacZ promoter in plasmid pRU607 (10) , and once again transport was inhibited (Fig. 2) . The His system of S. enterica serovar Typhimurium is Inhibition of ABC transporters is reversible. It is possible that the osmotic upshift causes permanent damage to the outer membrane, as occurs in cold osmotic down-shock. However, no detectable periplasmic proteins were released to the medium by osmotic up-shock (data not shown). This suggested that permanent damage does not occur, and this was tested by incubating cells in 200 mM sucrose as described for Fig. 1 but then removing the sucrose by centrifugation. AIB uptake was restored almost immediately when the sucrose was removed, indicating that the inhibition of uptake via ABC systems caused by osmotic upshift is reversible (Fig. 3) .
Measurement of transport by bacteroids. Previous work has shown little amino acid uptake in isolated rhizobial bacteroids via ABC systems, although it is known that these transporters must be expressed and active in nodules (7, 14, 15) . The exception to this is the transport and oxidation of glutamate by isolated soybean bacteroids (3, 20) . However, while the transport system for glutamate is not characterized in Bradyrhizobium japonicum, the K m is 800 nM, which compares to 81 nM for Aap (18, 20) , suggesting that it may be a secondarily coupled system. Isolated pea bacteroids have been incubated in various combinations of amino acids, and while it has been concluded that the addition of glutamate stimulates the secretion of aspartate and alanine, uptake rates for glutamate were not determined (1, 2, 19) . Furthermore, the types of intermediates and the rate of their secretion were very variable. These data are consistent with some form of amino acid cycling occurring in bacteroids, but direct measurement of active uptake of amino acids by pea bacteroids is lacking. However, bacteroids have a very fragile outer membrane, and to our knowledge all bacteroid experiments for the last 40 years have been conducted in high-osmolarity medium, typically containing around 300 mM sucrose or mannitol (1, 4, 22) . The work described in this paper has shown that these are conditions that selectively inhibit uptake.
Bacteroids of R. leguminosarum strain A34 were isolated anaerobically as previously described (1) and held in phosphate buffer (10 mM, pH 7.2, 2 mM MgCl 2 ) with sucrose (300 mM). Succinate was transported into bacteroids at 38 nmol min Ϫ1 mg protein Ϫ1 , only slightly lower than in free-living cells. However, no glutamate transport, which occurs through Aap and Bra, was detected in any of the bacteroid isolates. From what we now know about the osmotic inhibition of ABC uptake systems, the results with bacteroids are not surprising.
A high osmotic concentration may affect a number of steps in the transport cycle of ABC uptake systems, including binding of solute to the SBP, docking of the SBP to the membrane complex, or possibly the coupling of ATP hydrolysis to solute movement. While this study does not reveal the mechanism behind the inhibition of ABC transporters by high osmolarity, the effect is clear and the implications for understanding rhizobial bacteroid physiology very important. Effectively, all experiments on isolated bacteroids have been done with severe inhibition of ABC uptake systems. Given the demonstration by genetic means that ABC uptake systems are essential for productive nitrogen fixation, this may explain why labeling studies of isolated bacteroids are so variable. Labeling studies with isolated bacteroids will be completely biased toward compounds using secondarily coupled systems for uptake, with the effective "knockout" of all ABC uptake systems. Studies with isolated bacteroids can still be useful if we appreciate this limitation. It emphasizes the need for an integrated approach, where whole-plant studies, as well as nuclear magnetic resonance of nodules and metabolic profiling of fractionated nodule, are combined to understand nodule function.
